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Abstract 
The density of defects at the interface between the amorphous and crystalline silicon layers limits the photovoltaic device 
performance of amorphous silicon / crystalline silicon heterojunction solar cells. We investigate the electroluminescence 
properties of these devices for a variation of interface defect densities. Electroluminescence efficiency, dark saturation current 
density and open-circuit voltage are related via Planck’s generalized law and the current-voltage relations. These analytical 
relations are reproduced by the full numerical simulation of the solar cell behavior, especially the exponential dependence of the 
electroluminescence efficiency on the open-circuit voltage. Experimentally we show that a planar silicon heterojunction solar cell 
with high open-circuit voltage achieves an electroluminescence efficiency around 0.13%. 
© 2010 Elsevier B.V. All rights reserved 
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1. Introduction 
A variety of photoluminescence (PL) techniques has been applied for the characterization and optimization of 
amorphous silicon – crystalline silicon heterojunction solar cells [1-5]. The minority-carrier density in the volume of 
the absorber is influenced by the quality of the interface between the hydrogenated amorphous silicon (a-Si:H) and 
crystalline silicon (c-Si) layers and the measured photoluminescence radiation can be used to probe the interface 
quality. Because of the detrimental effect of the interface defects on the device properties, such characterization 
techniques are required not only for the fully processed cells but for the wafer structures with various deposited 
amorphous silicon layers. The consequent application of not only photoluminescence but also of the quasi-steady 
state photoconductance or microwave-detected photocarrier decay techniques has lead to better interface properties 
and higher open-circuit voltages [4-9]. Typically, one may optimize the passivated wafers (for example with respect 
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to the pre-treatment of the wafer prior to the a-Si:H deposition, doping, pressure, deposition temperature, i-layer / no
i-layer) and transfer the expertise to the deposition and processing of the solar cells.
For the photovoltaic effect, the density of interface defects determines the open-circuit voltage provided that the 
absorber itself or the poor back contact do not limit the minority-carrier density. Simulation studies identified a close
relation between the photoluminescence yield and the open-circuit voltage when the interface-defect density is
varied [1,2].
The electroluminescence (EL) yield is also affected by a poor front interface. In simulation studies, it was also
shown [10] that complementary to the drop in the open-circuit related PL yield with increasing interface-defect
density, the electroluminescence yield also decreases. In fact, the increase in the dark-current density with increasing
Nif shifts the current-voltage characteristics under illumination so that the decrease of Voc, the increase of js  and the
decrease of the EL-yield are related.
In this paper we elaborate on the electroluminescence properties of the silicon heterojunction devices. We study
the relation between Voc, js and EL efficiency by numerical simulation of a-Si/c-Si heterojunction devices with 
different front-layer and interface properties and we compare the results with simplified analytical findings. In the
simulation, we calculate EL efficiencies for the band-to-band radiative recombination in the c-Si absorber for a-Si/c-
Si solar cells with Voc around 700 mV. We demonstrate experimentally the high EL efficiency that can be reached
with such heterojunction solar cells with a Voc of around 700 mV.
2. Theory and simulation
We describe the spectral luminescence emission by Planck’s/Kirchhoff’s generalized law, which under the
assumption of constant quasi-Fermi level splitting in the absorber, i.e., constant carrier densities, reads in simplified
form [11]
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where A is the photon-energy dependent absorptivity, determined by the optical properties of the sample and where
EFn – EFp is the quasi-Fermi level splitting.
Eq. (1) can be applied in many cases especially when the diffusion length is longer than the absorber thickness.
That it can be applied to the luminescence emission of the indirect semiconductor silicon is demonstrated in Fig. 1
where Eq. (1) is applied for the analytical description of a c-Si spectrum that is compared with an experimental
room-temperature one.
The device-simulation results are accomplished with the SC-Simul program that has been developed and applied
in the past for a-Si:H/c-Si and other solar cells [12-14]. For non-constant quasi-Fermi level splitting and in the
numerical simulation that we apply, a different and more complete expression for the emitted photon flux is used
that takes into account the spatial generation profile of the luminescence and reabsorption of luminescence photons.
For analytical approximations with respect to EL, Würfel [10] noted that for a good luminescent pn diode EFn – 
EFp is constant and that EFn – EFp = eVa and thus from Eq. (1) it follows that
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Schick et al. [15] have related Kirchhoff’s generalized law to the applied voltage, taking into account spatially
non-constant carrier distributions, and also deduced that the luminescence intensity is proportional to exp(eVa/kT).
Fuhs et al. [16], also assuming that EFn – EFp equals e Va and together with the current-voltage diode equation,
formulated
2
2 3 2
0
( )
d ( ) ( ) exp d(
4
d
s
jj A
j c kTJ
Z
).
ZZ Z
S
§ · ¨ ¸© ¹
= == =
=
Z= (3)
20 R. Bru¨ggemann, S. Olibet / Energy Procedia 2 (2010) 19–26
R. Brüggemann / Energy Procedia 00 (2010) 000–000 3
Here, jd is the dark current density and js is the saturation current density which turns out to be inversely
proportional to the emitted flux.
Going a step further, one can substitute js with the help of the current-voltage characteristics under illumination
and Eq. (3) approximates to 
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where the link between the open-circuit voltage Voc and the EL flux is obvious.
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Fig. 1. Experimental (dots) and analytical room-temperature PL spectra from a c-Si wafer symmetrically passivated with a-Si:H layers. The full
line is calculated with Eq. (1) with constant quasi-Fermi level splitting and in which a crystalline-silicon absorption coefficient and wavelength-
independent reflection coefficients were used for the determination of A.
It is noted that there are other approaches that also establish the link between EL efficiency and open-circuit
voltage. Fuyuki included the diode quality factor of the current-voltage characteristics in the analysis [17]. Kirchartz
et al. [18] apply reciprocity relations.
3. Experimental
The luminescence radiation was detected in a calibrated set-up. The radiation was dispersed by a monochromator
and detected by a LN2 cooled InGaAs photodiode.
The amorphous silicon layers were deposited in Neuchatel by VHF-PECVD at a plasma excitation frequency of
70MHz. Prior to the a-Si:H deposition, the non-textured n-type 1 : cm and 250 µm thick wafers were immersed in
diluted HF to remove the native oxide. The top contacts were patches of 80nm thick ITO with no extra metal grid.
At the back, an ITO/Al back reflector contact was deposited. More details can be found in [8,9,19]. The strategy for
optimizing cell performance consisted in optimizing c-Si wafers, passivated with single a-Si:H layers on both sides,
and in transferring the expertise to the final solar cell device.
4. Results
Figure 2 shows dark-current voltage characteristics of an a-Si/c-Si heterojunction diode for a variety of Nif. The
diode quality factor from fits between 0.3 V and 0.6 V is 1. The increase in Nif shifts the current data towards higher
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lower values. Fig. 3 illustrates this increase in js with increasing Nif. At a current density of 100 mA cm-2 the EL
emission properties are compared, i.e., at the same current but at different voltage values. The drop in the radiative
recombination rate with increase in Nif is illustrated via the relation of the radiative recombination with js, evaluated
in Fig. 4. The value of RBB is determined by , where C   dBB BBR C n x p x x ³ BB is the rate coefficient and n and p
are the local free electron and hole densities. A power law with a power of about -1 is deduced.
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Fig. 2. Dark current-voltage characteristics of a-Si/c-Si heterodiodes for different Nif. The radiative recombination rates are evaluated at a current
level of 100 mA cm-2.
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Fig. 3. Increase in the saturation current density with increasing Nif .
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Fig. 4. Radiative recombination rates vs. the saturation current densities of Fig. 3. A power law with a power m of -1 is deduced.
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Fig. 5. Radiative recombination rates Rbb vs. open-circuit voltage for a number of different heterodiodes with variation in the a-Si:H layer
thickness and Nif. The value of the slope corresponds to (kT)-1.
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Fig. 6. Electroluminescence emission spectra for two diodes with different Nif, at the same current level but at different applied voltage Va. The
factor 23 in the integrated emitted flux corresponds to the change in Voc and js.
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Fig. 7. Experimental electroluminescence spectrum of the solar cell from Neuchatel, recorded at a dark current of 106 mA cm-1.
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Fig. 5 summarizes the integrated radiative-recombination rate RBB results of a number of different diodes with 
different Nif and a-Si:H layer thicknesses. Evaluation of the slope shows that it equals (kT)-1. Note that the a-Si:H 
layer thicknesses do not really influence the EL output at a given Voc.
Typical EL spectra of the simulations are shown in Fig. 6. Here, two diodes are compared with a variation in Nif.
Because the evaluation was done at the same current, different voltages were applied, as indicated in the figure. The 
influence of Nif is reflected in the factor 23 which is the ratio of the integrated spectral fluxes. It is also related to the 
cited Voc of the two cells, i.e., the higher the Voc, the higher the EL flux. 
Fig. 7 shows the experimental EL spectrum in terms of emitted photon flux from a double-heterostructure solar 
cell from Neuchatel, measured at a current density of 106 mA cm-2. Integration of the spectrum yield the EL 
quantum efficiency of number of photons per electron, KQE = e I /jd of 0.13%.  
5. Discussion
The simulation results in Figs. 2–4 nicely illustrate and confirm the analytical relation in Eq. (3) between the 
emitted electroluminescence flux viz. radiative recombination rate and the saturation current density. With 
increasing Nif an additional source contributes to js and influences the dark current characteristics. Consequently, the 
characteristics under illumination also change - with smaller values for Voc with increasing js.
The different applied voltages Va at the constant current level give rise to different quasi-Fermi level splittings 
and thus electroluminescence yield. The related simulated exponential variation between the open-circuit voltage 
and the emitted flux, i.e., also the exponential variation of Rbb, according to Eq. (4) is demonstrated in Fig. 5. Note 
that the slope (kT)-1 is expected if the relation is valid. Similar findings have been reported experimentally by 
Fuyaka et al. [17] on different kinds of silicon solar cells. We also note that the photovoltaic properties of the solar 
cells in Fig. 5, namely the short-circuit current densities, do differ, depending on the short-wavelength absorption of 
the solar spectrum in a thick or thin a-Si:H layer. 
It is noted that the spectral shape of the fully simulated spectra in Fig. 6 follows Eq. (1). If the diffusion lengths 
had been shorter, deviations would occur, and they are indeed exploited in similar cases in the literature [20]. The 
quantitative example in Fig. 6 relates a Voc of 707 mV to an EL efficiency of 0.15%. Our experimental value with 
the relatively high value of KQE = 0.13% is in a similar range. In fact, the EL quantum efficiency is in the range of 
the high-efficient planar device of [21]. 
 The experimental Voc of about 700 mV for the heterojunction solar cell is not the highest value reported in the 
literature. Higher Voc, namely 730 mV reported by Sanyo [22], will thus give rise to another factor of about 3 
increase in EL efficiency if a planar device is considered. However, it is well known that light-trapping schemes of 
textured devices enhance the outcoupling of luminescence radiation as was shown also experimentally for EL 
[21,23,24] and PL [25]. Thus if texturing, which may lead to an increased Nif, can be achieved without loss in Voc for 
the present heterojunction device, a further increase in EL efficiency is expected and can be used to monitor the 
interface quality and the pathlength enhancement in the solar cell. 
6. Conclusion 
The relation between EL output, open-circuit voltage and saturation current density a-Si:H/c-Si heterojunction 
structures can be described from Kirchhoff’s generalized law and current-voltage equations. Our numerical results 
with a-Si:H/c-Si heterojunction diodes support the analytical findings that predict an exponential dependence of the 
EL output flux on open-circuit voltage. Experimentally, we demonstrated that planar a-Si:H/c-Si heterojunction 
diodes with high open-circuit voltages achieve high EL quantum efficiencies around 0.1 %. 
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